Spermatogonial stem cells are the only stem cells in the postnatal body that can transmit parental genetic information to the offspring, making them an attractive target cell population for animal transgenesis. Although transgenic mice and rats were recently produced by retrovirus transduction of these cells in vitro, with transplantation of the transduced cells into infertile recipients, the difficulty of restoring fertility and preparing recipients using spermatogonial transplantation limits practical application of the technique. In this article, we describe a novel approach for producing transgenic animals by transducing spermatogonial stem cells in vivo using a retrovirus vector. Microinjection of retrovirus into immature seminiferous tubules resulted in the direct transduction of spermatogonial stem cells in situ, and the animals produced transgenic offspring after mating with females. Transgenic mice were produced in C57BL/6, BALB/C, A, and C3H backgrounds, with an average efficiency of 2.8%. The transgene was transmitted stably and expressed in the next generation. The technique overcomes the drawback of the in vitrotransduction approach, and will be useful as a novel method for producing transgenic animals as well as providing a means for analyzing the self-renewal and differentiation processes of spermatogonial stem cells in vivo.
INTRODUCTION
Germ cells have the unique ability to transmit parental genome information to offspring. Germline modification has attracted significant attention in the last two decades because it provides a strategy to manipulate genes in vivo, and applications range from basic biomedical research to production agriculture [1] [2] [3] [4] [5] [6] [7] [8] . Current techniques to modify germline cells are based on oocytes or eggs from females. Developments in embryo culture and transfer technology have provided the groundwork for female germline modification. Although the technique is most widely used in mice, attempts to use female germ cells for other animal species have been limited due to their different reproductive behavior and difficulty in obtaining and manipulating eggs [9] . It is difficult to obtain transgenic animals in more than 1% of injected embryos [9] . Therefore, there is clearly a need to establish new protocols for germline modification that have a wider range of application.
While the female germ cells cease to proliferate before birth, spermatogonial stem cells, which produce all male germ cells, have the ability to self-renew [10, 11] . These cells continue to proliferate throughout life and support spermatogenesis. Unlike differentiated germ cells that have a limited life-span, stem cell-based transgenesis has a clear advantage in that transfected stem cells will produce enormous numbers of transgenic sperm continuously. A single rat stem cell with a transgene will produce ϳ2000 transgenic spermatozoa per epithelial cycle [12] , so numerous transgenic animals can be produced from a founder male. Toward this end, several groups have succeeded in producing transgenic animals by transducing spermatogonial stem cells in vitro. Spermatogonial stem cells from mice and rats were transduced with retrovirus during short-term culture and were transplanted into infertile recipient animals to produce spermatogenesis [13, 14] . By mating with females, recipients produced transgenic animals with an efficiency comparable with female-based transgenic methods.
Although this technique suggests the possibility of male germline manipulation, it has several limitations. A major drawback of the in vitro-transduction approach is the low fertility rate of the recipient animals following spermatogonial transplantation [15] . One of the reasons is that the ablation of endogenous spermatogenesis, which is a prerequisite for efficient colonization of donor cells [16] , often damages the environment of the recipient testes for donorcell colonization [17] [18] [19] [20] . Furthermore, the absence of optimal culture conditions for stem cells results in a significant decrease in stem-cell number [21, 22] and contributes to lowered fertility; only 10-20% of stem cells survive in vitro for 1 wk [21, 22] . Due to the rejection of allogeneic donor cells [23] [24] [25] , the application of spermatogonial transplantation is still limited in most other animal species in which immunocompatible recipients are not readily available. For these reasons, the efficiency of fertility restoration after spermatogonial transplantation is limited and prevents the practical application of the technique for transgenesis.
A potentially competitive alternative for producing transgenic animals with spermatogonial stem cells is to introduce genes into stem cells in vivo, as this approach does not require the transplantation or culture of stem cells. However, attempts at such direct transduction of spermatogonial stem cells have met with little success [26] [27] [28] [29] [30] [31] [32] . In one study, a transgene was integrated into the germline using in vivo electroporation, but the expression did not last long, indicating that the transgene was introduced into differentiated germ cells [33] . In another study, the transgene was not integrated into the germline and was found to be dominantly expressed in Sertoli cells [34] . The difficulty in transfecting spermatogonial stem cells in vivo cannot be explained only by the low number of stem cells in the testis (2-3 stem cells per 10 4 testis cells) [11, 35] because it was impossible with a more efficient virus-based approach. Microinjection of various types of virus vectors into seminiferous tubules of adult testes also failed to transduce germline cells in vivo [36, 37] , and no animal studies have shown germline transmission using this approach. It is now thought that stem cells are protected in a germline niche, which inhibits the access of the transgenes or virus particles to stem cells [28, 36] .
We postulated that the use of immature testis might allow the direct transduction of spermatogonial stem cells because the seminiferous tubules of the immature testis lack tight junctions [12] , which would allow virus particles easier access from the luminal side of the seminiferous tubules to stem cells in the niche. Retrovirus particles were microinjected into immature mouse testes, and the possibility of producing transgenic offspring from the transduced stem cells was examined.
MATERIALS AND METHODS

Animals and Microinjection Procedure
C57BL/6 (B6), BALB/C, C3H, and A mice were purchased from Japan SLC (Shizuoka, Japan). Both immature pups (5-10 days old) and adult (4-6 wk old) mice were used for virus injection. In some experiments, the operated mice were mated with wild-type B6 females to produce transgenic offspring. For the testicular injections, approximately 2 l of Dulbecco modified Eagle medium/10% fetal calf serum (DMEM/FCS) containing retrovirus particles were introduced into the seminiferous tubules of an immature testis, while 10 l were introduced into the tubules of a mature mouse testis because the latter is larger. Microinjection involved efferent duct injection [38] and filled 75-85% of the tubules in each recipient testis. Adult mice were anesthetized using an Avertin injection (640 mg/kg). The pups were placed on ice to cause hypothermia-induced anesthesia [39] . In some experiments, only one testis was microinjected to avoid prolonged exposure to ice. The average survival rate of pup recipients was 82% after the operation. The pups were returned to their dams after the operation and used for mating after at least 6 wk.
The Institutional Animal Care and Use Committee of Kyoto University approved all of the animal experimentation protocols.
Preparation of Retrovirus
A replication-defective ecotropic Moloney leukemia retrovirus, Gen Ϫ pgk␤gal, was used to infect spermatogonial stem cells [40] . This retrovirus expresses the Escherichia coli LacZ gene under the promoter of the phosphoglycerate kinase 1 (Pgk) gene; it was previously used to infect spermatogonial stem cells [13, 28] . Virus particles were stably produced from GPϩE86 retrovirus packaging cells in DMEM/FCS [40] . The original virus titer was 3 ϫ 10 5 colony-forming units/ml on NIH 3T3 cells. Virus-conditioned medium was collected from 48-h cultures of confluent cells, passed through a 0.45-m filter to remove contaminating cell debris, and frozen at Ϫ80ЊC until use. The procedure for virus concentration has been described [41] . In brief, freeze-thawed virus stock was supplemented with 10 g/ml polybrene previously (Sigma), and 200 ml of viral supernatant was centrifuged for 16 h at 6000 ϫ g. The virus pellet was suspended in 1-2 ml of DMEM/FCS using a 25-gauge needle, and aliquoted in Eppendorf tubes. The virus supernatant was further centrifuged for an additional 16 h at 6000 ϫ g and suspended in 20-30 l. The virus supernatant was used immediately after collection. The final titer of the retrovirus concentrate was ϳ10 9 colony-forming units/ml. All procedures for retrovirus preparation were performed at 4ЊC.
Analysis of Testes
To visualize infected cells, testes that received a retrovirus injection were stained for LacZ expression with 5-bromo-4-chloro-3-indolyl ␤-Dgalactoside (X-gal) (Wako Pure Chemical Industries, Osaka, Japan), as described [42] . A cluster of germ cells was defined as a colony when it occupied more than 50% of the basal surface of the tubule and was at least 0.1 mm long [42] . The efficiency of colonization was evaluated by counting the total number of colonies under a stereomicroscope. All sections were stained with hematoxylin-eosin. Statistical analysis was performed using Student t-test.
Southern Blot
Genomic DNA was isolated from tail samples from each offspring by phenol/chloroform extraction, followed by ethanol precipitation. Ten micrograms of DNA were digested with BamHI, and separated on a 1.0% agarose gel. DNA transfer and hybridization were performed according to a conventional protocol. The BamHI-ClaI fragment of the LacZ cDNA (ϳ2200 base pairs) was used as a hybridization probe.
RESULTS
Infection of Spermatogonial Stem Cells by Retrovirus Injection into Seminiferous Tubules
There are multiple layers of germ cells and tight junctions between the Sertoli cells in mature seminiferous tubules [12] . By contrast, the immature testis has a single layer of spermatogonia and lacks tight junctions (Fig. 1) . Based on these structural differences, we postulated that retrovirus microinjected into the immature seminiferous tubules would have better accessibility to spermatogonia, including stem cells, than it would when injected into mature seminiferous tubules. To test this possibility, concentrated Gen Ϫ pgk␤gal retrovirus was microinjected into the seminiferous tubules of immature and mature testes of B6 mice, and the transduction efficiency was compared. The mice were sacrificed and their testes were stained for LacZ activity at 2 mo after microinjection to examine them for the presence of infected cells. While none of the eight mature testes showed LacZ staining (data not shown), 3 of 6 immature testes showed clusters of LacZ-positive cells ( Fig.  2A) , indicating successful retrovirus infection. The pattern of LacZ staining was variable in these testes (Fig. 2, B-E) . Some of the LacZ-expressing clusters were long blue stretches of seminiferous tubules, resembling spermatogenic colonies from transplanted spermatogonial stem cells [16] . In spermatogonial transplantation into ablated recipi- ents, germ cell colonies generally have a dark-staining region in the center flanked by weakly stained region at both ends, resulting in a symmetric appearance [42] . It is considered that stem cells are increasing in their number by self-renewing division at both ends, while starting to differentiate in the center [42] . However, the colonies found in the retrovirus-transduced testes had asymmetric ends and often had dark staining regions in the center, which indicated that germ cell differentiation had occurred (Fig. 2, B and C). In addition, there were other clusters of LacZ-positive cells scattered widely in the seminiferous tubules (Fig.  2, D and E) . Histological analysis revealed that spermatogenesis with LacZ staining, confirmed that spermatogonial stem cells could be transduced using this approach (Fig.  2F ).
Transgenic Mouse Production from Retrovirus-Infected Spermatogonial Stem Cells
We next examined whether the infected stem cells could produce transgenic animals. We microinjected retrovirus into the seminiferous tubules of 5-to 10-day-old B6, C3H, BALB/C, and A mice (founder mice). At least two separate experiments were performed for each strain. After 6 to 8 wk, the animals were caged with 2-3 wild-type female mice to produce offspring. Although some of the injected animals could not sire offspring due to postoperative adhesion associated with the operation [39] , an average of 86% of the animals that received retrovirus became fertile ( Table 1 ). The weight of the testis was comparable with that of normal, untreated mice. All offspring resulting from mating with wild-type females were examined for the presence of the transgene using Southern blotting with a LacZ gene-specific probe, and 40-132 offspring from each founder mouse were examined over 6-16 mo after the operation.
In total, Southern blot analysis indicated that 26% (8/ 31) of the fertile animals sired offspring with the transgene during the analysis period. Assuming that only one construct became incorporated per stem cell, the percentage of transgenic animals produced from the founder males ranged from 0.8% (1/127) to 6.6% (4/61), with an average of 2.8% (Table 2 ). Because only half of the parental chromosomes will be transmitted from the spermatogonial stem cells to the offspring, the result indicates that 5.6% of the spermatozoa were derived from transduced stem cells. Although the numbers of animals might be too few to draw conclusions about the genetic effect of the strains used to transduce stem cells, 2 of 4 (50%) C3H mice produced transgenic progeny. By contrast, only 1 of 9 (11%) BALB/ C mice produced progeny with the LacZ transgene. The first transgene appeared in the progeny from a BALB/C founder mouse as early as 50 days after retrovirus injection, with an average of 114 days. The transgene originated from spermatogonial stem cells that had been infected with the retrovirus because spermatozoa generated from differentiated germ cells will disappear by 35 days [10] [11] [12] .
The founder animals were killed after 259-479 days to examine the degree of retrovirus infection. LacZ staining was found in the testis regardless of whether the animals produced transgenic offspring (Fig. 2G) . However, the number of blue colonies was significantly greater for founder animals that produced transgenic offspring than for those with nontransgenic progeny (3.44 Ϯ 2.22 vs. 0.03 Ϯ 0.03 colonies per testis; mean Ϯ SEM; P Ͻ 0.05). On the other hand, no significant relationship was found between the number of colonies and the percentage of transgenic progeny from a founder mouse. Interestingly, in two of the recipients that produced transgenic offspring (#3I and #3J), no blue colonies were found, suggesting that the stem cell with the transgene may have ceased proliferation or disappeared (Table 2) . Alternatively, the construct may have undergone gene silencing in these testes. However, a histological analysis of testes from other founder mice showed complete spermatogenesis with normal-appearing organization in areas of the seminiferous tubules expressing the transgene (data not shown). Expression of the LacZ transgene in hemizygous F1 mice was observed in several organs in different animals (Fig. 2H) . Finally, we examined whether the transgene can be transmitted to the next generation. We used both male and female offspring from #2B founder mice, and each transgenic mouse was mated with a nontransgenic wild-type B6 mouse to generate F2 offspring. Six of eight offspring from the male transgenic mouse and one of three offspring from the female mouse showed the presence of the transgene in a Southern blot analysis (Fig. 3) , confirming the stable transmission of the transgene. The expression of the LacZ transgene in F2 animals was similar to that in the F1 generation.
DISCUSSION
In this study, we demonstrated that spermatogonial stem cells can be transduced in vivo and produce transgenic animals. Several factors contributed to the success of our experiments. First, we used immature animals. While stem cells in the adult testis are separated from the lumen of the seminiferous tubules by tight junctions between Sertoli cells, stem cells in the pup are directly accessible from the luminal side due to the absence of tight junctions [12] . An additional advantage of immature animals is that, where stem cells in the adult are slowly dividing cells, those in the pups are actively dividing [13, 28] , which increases susceptibility to virus transduction. Second, the number of stem cells contributed to restoring fertility. In spermatogonial transplantation, extensive colonization of donor cells is a prerequisite for fertility restoration. It is estimated that at least 15% of stem cells are required to restore fertility after ablation treatment [43] . However, this is difficult to achieve because the number of stem cells decreases during short-time culture [21, 22] and only a limited number of cells can be reintroduced into the seminiferous tubules.
Moreover, the ablation of endogenous germ cells for transplantation not only damages the germ cell environment for fertility restoration [17, 20, 44] , but also exerts systemic toxicity, leading to the death of the recipient animals [18, 19] . Indeed, the ablation protocol is difficult to optimize due to strain or age differences in the sensitivity to ablation [14, 18, 19, 45, 46] . By contrast, our approach uses intact, wild-type animals. Because their testes have normal numbers of stem cells, they could sire offspring efficiently after virus injection. Third is the retrovirus concentration. The virus titer in our study was significantly higher than those used in the previous study [13, 28] , which was clearly beneficial for increasing the number of infected stem cells.
One of the important advantages of this technique is that it does not depend on the genetic background of the animals. The success of the in vitro-transduction approach is influenced by the genetic background, due to problems associated with spermatogonial transplantation. In fact, transgenic offspring from mouse spermatogonial stem cells have only been obtained from genetically infertile mutant recipients [13] due to the difficulty in host preparation and rejection of donor cells. By contrast, we were able to produce transgenic offspring in four different strains and suggest a promising approach for solving this problem. Although the percentage of animals that produced transgenic offspring was lower than that obtained by using the in vitro approach (22% in our study vs. 33-38% in previous studies) [13, 14] , this might be improved by using higher titer preparations and a particular type of retrovirus, such as lentivirus [14, 36] . Because lentivirus can infect both dividing and nondividing cells, including germ cells [14, 47, 48] , it has a clear advantage over Moloney leukemia virus, which can only infect dividing cells. Therefore, our technique will overcome the difficulties associated with the in vitro-infection approach and increase the opportunity to manipulate spermatogonial stem cells.
An interesting observation that resulted from our study was that of the variable pattern of LacZ staining in the retrovirus-infected testes. While the colonies that developed in stem cell-depleted testis are generally uniform and have symmetric ends [42] , those observed in our study showed variable patterns and had asymmetric ends. Because the LacZ staining probably originated from the transduction of single stem cells, our results suggest that differentiation of germ cells from stem cells occurs in a different manner to that of the donor stem cells in an ablated environment with no endogenous germ cells. Perhaps the different morphological patterns of the colonies reflect organization of spermatogenesis at the border of two different segments or stages. This is in agreement with a recent report that the pattern of spermatogenesis from transplanted stem cells is influenced by the presence of other germ cells in the seminiferous tubules [16] . In fact, the colony patterns in our study showed remarkable resemblance to the donor cell-derived colonies observed in wild-type recipient testis after spermatogonial transplantation. Such an interaction between germ cells was previously shown in several other studies [16, 49, 50] and is thought to be mediated by chalone, tissue-specific inhibitor of stem cell proliferation [51] . Specific marking of individual stem cells by retrovirus has proven to be a useful method for the studies of stem cell dynamics in other self-renewing tissues [52, 53] , and further studies using retrovirus transduction techniques will be helpful in understanding the dynamics of spermatogonial stem cells.
A potentially important application of our results is that of the transgenesis of animals, for which conventional transgenic technology has proved to be impossible or inefficient [9] . While the recent establishment of a long-term culture system for spermatogonial stem cells in mice and bulls may improve the in vitro-transduction method and potentially lead to new developments in animal transgenesis [54] [55] [56] , no such culture system is available for the majority of other species, and the problems associated with spermatogonial transplantation need to be resolved. In particular, the ablation of endogenous germ cells is even more difficult in large animal species due to their large body size and different testicular structure and endocrinological environment [18, 24, 57] . Moreover, although several procedures to enrich stem cells have been established in rodents and could be used to enhance the fertility-restoration rate [46, [58] [59] [60] , spermatogonial stem cells in other animals are less well characterized, and methods to enrich stem cells are not available. Because the microinjection technique has already been established for many animal species [24-26, 57, 61, 62] , the microinjection of virus vectors into immature animals can be readily extended to other species. Immature testes in domestic animals generally exert less resistance to the flow of an injection into seminiferous tubules, which would facilitate the application of our technique [24-26, 57, 61, 62] . Therefore, the in vivo transduction of spermatogonial stem cells now provides a novel strategy for manipulating spermatogonial stem cells and stimulates new efforts geared toward understanding and using this valuable population of cells.
